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Also shown in Fig . 17 is the upper-bound recession rate associated
with mechanical remova l of the melt laye r be fore it vaporizes . The stead y-
state surface energy balance yie ld s the following expression for the mechani-
cal remova l model:

= (48)

That is , the surface is presumed to be at the melt tempe rature , such that the
mass removed absorbs only the energy required to raise it from T B to T
p lus the heat of fusion . Since there is no vaporization of the li quid , there is
no blowing correct ion to the aerod ynamic heat flux , and the gas adjacent to
the surface  is assumed to be air  with enthalpy HA eva luate d at the surface
temperatu re (i. e. T ).

Therefore , Fig . 17 contains both the upper-  and lower-bound recession
rate models from a Liquid carbon surface.  It is apparent that the upper-bound
recession rate is onl y about 2 . 5 t imes g rea te r  than the lower-bound value .
This relative l y small d i f fe rence  (compared to othe r ablative mater ia l s )  stems
f r o m  the large heat of fusion (see A ppendix) and the hig h me lt tempera ture,
which resu l t s  in a la rge effect ive heat of ablation , For the me lt temperature
of t 840°R and heat of fusion of 25 kcal/mol , the denominator of Eq. (48) yield s

H (T ) - H = 6590 Btu/ lb (49)L m  B

It was speculated in Section II -D that the large recession rate s predicted
by Kratsch were due to mechanical  removal of the melt laye r . The results
obtained from Eq. (48~ indicate  much smaller recession rates , indicating that
mechanical  removal  is not the exp lanation.  In any event , it is obvious that
the present  results are  in total disag reement with those of Kratsch .

• .
~~~~~~~~~~~
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The steady-state me lt layer thickness obtained from Eq. (44) is shown
in Fig. 19 for two different values of recovery enthalpy. The liquid thermal

diffusivity was assumed to be an order  of magnitude smaller than the diffu-

sivity of solid g raphite21
. Since the melt layer thickness is l inear with the

liquid di ffusivity ,  the thickness for othe r values of 
~L may be obtained by

scaling the values of Fig. 19.

The results indicate that the melt laye r thickness for a flight environ-
ment  will  range from one mil  to 10 milr depending upon the severi ty of the
environment . A lthough these va lue s are  quite small  re la t ive  to a typical
nosetip radius , it cannot be stated that they are sufficient ly small to res is t
flowing of the liquid carbon. Resolution of this question would require an

ana lys i s  of the dynamics of the liquid laye r and is beyond the scope of this
report .  The calculation for a low enthalpy flow (typical of a hig h-pressure
arc  jet) y ield s me lt laye r th icknesses  less than half a mil . The great ly
reduced th ickness  for the low entha lpy case is due to a much lowe r surface

temperature (~~ 7000 °R)  than that of Fig. 18. These small  th icknesses  may
exp lain why molten carbon is not readily observable in high-pressure a rc  jet
faci li ti es .

F . STEADY-STATE CONDUCTION ASSUMPTION

As indicated in Subsection II-E , the use of the steady-state conduction

assumption can lead to substant ia l  e r r o r s  in the predicted surface mass loss .
In this  subsection , calculations are presented for  both the stead y-sta te  con-
duction model and the t rans ien t  expression of Eq. (41). Nominal g raphite
pro pe r t i e s  were used , and the thermal diffusivity was taken as 0. 0001 ft 2 /se c.
The sur face  ene rgy balance was solved for seve ra l value s of heat flux using
the equi l ibr ium sublimation assumption. The results  are shown in Fig. 20 ,
whe re it  is appa rent that the use of the stead y-s ta te  conduction mode l over-
pr( ’( I ict s  the  recess ion  by as much as a factor  of two at ear ly time s. As

2 ’White , H. M., “Es t imat ion  of Some Carbon Properties at the Tri p le Point , ~Report  No . T O R - 6h 9 ( S 6 8 1 l -2 0 ) - 1 2 , The Aerospace Corporation , San
Be r n a r d in o, Calif ., June 1966.
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indi cated by the criteria of Eq. (42 ) , the steady-state approximation becomes

increasing ly valid as time and re~ es sion rate increase .

~~~. COMPARISON WIT H EX PE R IMENT A L DATA

The equilibrium and nonequilibrium ablation models are compa red , in

this subsection , with the available carbon sublimation data . Since the main

corcern of this report is with convective heating in an air envi ronment ,
attention is restr icted to data which fall in to this category.  The best such

data has been obtained at NASA-AMES in a low-pressure  arc jet facility,
f i r s t by L,undell and later by Maurer . The main di f ference  between the

two set’~ of data is that the conve ctive heat f lux for Maurer ’ s tests was aug-

mented by a radiative heat f lux to obtain hi gher surface temperatures . The

onl y correct ion made to the data was to add l00 °K to the tabula ted surface

b r i g htness  tempera ture  of Maure r to obtain the tru e temperatures . The

blowing law of Eq. ( 13)  was used to cast the data in te rms of B’ .

The equilibrium and nonequilibrium calculations are compared with the

data in Figs . 2 1 through 23 . The nonequi librium calculations use the slow

ni t r id iza t ion  assumption and the Dolton vaporizat ion coefficients.  The Lundell

data (Fi g. 21)  is in good ag reement with the equilibrium theor y. This close
agreement obviously precludes the neces sity of invoki ng me chanical erosion
arg uments  to match the data . (This does not , of course , exp lain the presence
of the pa rt iculate matte r observed by Lundell .)

In contrast  to the Lundell data , the Maurer  data is seen to be in closer
agreement  with the nonequilibrium calculations . The low-pressure data of
Fig. 23 lies be low the lowe r bound me lt tempera ture  of 6840 °R and is in
excellent agreement with the nonequilibrium calcu lation for solid carbon .

ZZ 
Lundell , J. H. and R. R. Dickey, “Ablation of AT J Graphite at Figh
Tempe r atures , “ A IAA Journal ,  1 1( 2 ) ,  pp. 2 16-222 , January U)73 .
M a u r e r , R. E ., et al ., “Graphite Sub limation U nder  Low and High Con-
vective Mass Transfe r Environme,it s , ” ASME Paper 76-ENAS-68 ,
Jul y 1976 .
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However , the data of Fig. 22 lies above this va lue for melt tempe rature and
is in good agreement with the nonequilibrium calculation for liqui d carbon .
While this may tend to support the presence of liquid carbon (if the tr ip le
point pressure  is less than one atm),  this conclusion can hardly be regarded
as other than very tentative . No evidence of liquid carbon was seen during
the teats (the predicted stead y-state me lt layer thickness was 0. 003 in. ) and ,
in particula r , the quoted accuracy of the surface temperature measurements

2 percent) is sufficiently large to move the data to the solid nonequilibriurri

calculation of Fig. 22 .

Even allowing for the uncertainty in surface temperature, the Maurer
data shows defini te  nonequil ib r ium e f fec t s ;  it is concluded that the nonequi lib-
r ium calculation using the Dolton vaporizat ion coe ff ic ien ts  best represents
the data .
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IV . SUMMARY A ND CONC LUSIONS

An examination of the nonequilibrium carbon ablation process has been
presented. The stud y has focused on the shortcomings of the available
analyses and has undertaken a systematic examination of the assumptions
that are usually invoked in the nonequilibrium mode l for carbon ablation.
The major areas of investigation included the influence of the as sumed
chemical state (i. e., frozen or equilibrium reactions),  ablation from a mol-
ten carbon surface , and the computational considerations associated with
solving the system of equations .

The assumptions of fast  and slow heterogeneous nitridization reactions
we re examined in conjunction with an equilibrium gas phase. The result s
indicated significant recession rate differences only for extreme departures
from equil ibrium. It was concluded that , for the nominal range of pressure
and heat flux for ground test and flig ht environments , the differences are
small  (on the order of 10 percent) .  The assumption that the carbon sublima-
tion species are f rozen in the gas phase was also examined and found to exert
no significant influence on the recession rate.

A lthoug h the various reaction rate assum ptions we re found to exert
onl y small influences on the recession rate , the only self-consistent model
was found to be the slow nit ridization assum ption with an equilibrium gas
phase . Comparisons of the slow ni t r id iza t ion  model with experimental data
show reasonable agreement (using Dolton vapo rization coefficients),  and this
model is recommended for  adoption .

The sublimation from a liquid carbon surface was hand led by assuming
that the me lt layer was sufficiently thin to adhere to the surface without
me chanica l remova l. The li quid carbon assumption was found to result in
a subs tant ia l  reduction of the predicted B’ , as compa red to the value ob-
ta m ed for vaporizat ion f rom a solid surface.  A pp lication of the carbon melt
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laye r calculation to flight environments yie lded s lightly lower recession

rates than the solid carbon assumption but with an increase in surface

tempe rature of about 1000 °R . It is hoped that these result s will provide

some impetus for the expe rimenta l investigation of the li quid layer hypothe-

sis in ground test arc jet facilities .

A unified ana lysis of the rionequi libr ium carbon ablation process has

been presented by treating the oxidation and sublimation regimes simu l-

taneously. A computationally efficient solution procedure , requiring only a

sing le iteration loop, is utilized to solve the system of equations . Conve r-

gence of the i teration scheme is sufficiently fast  to utilize the method as a

subroutine package for inclusion into the rmod ynamic material  response codes .

Finally, some comments concerning recommendations for future abla-

tion tests  are in order.  The ana lysis of this report has treated the vapori-

zation coefficients as known quantities . The result s of this investigation

indicate that the uncertaint ies in the vaporization coefficients exert sub-
stant ial ly more influence on the ablation predictions than do the uncertainties
in the ga s/ so l i d  reaction rates. In order  to experimental ly investigate the

vapor iza t ion  process in the absence of chemical reactions , it is recommended

that a ser ies  of arc jet ablation tests be carr ied out in an ine rt atmosphere.
Both ATJ - S  and the cu r ren t  ca rbon-carbon  composite materials should be
tested . In addi t ion , sinc e no carbon-carbon ablation data exists in the sub-
lima t io n r eg ime , a rc  jet tes ts  are also required for this mater ial  in air .

Further  a reas  of invest igat ion shou ld include experiments to determine
the C2 N heat of format ion  and reaction rate s for heterogeneous carbon-
ni trogen reaction s, for both graphite and carbon-carbon.
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APPE NDIX A

VAPOR PRESSURE OF CARBO N SUBLIMA T IO N SPECIES

As discussed in the main text (Section II), the vapor pressure of each
gaseous carbon species is assumed to be a known function of tempe rature.
These vapor pressures are presented in this Appendix for vaporization from
both solid and liquid carbon surfaces. The solid vaporization case is con-
sidered first.

A . VAPORIZATION FROM SOLID CARBON

The gaseous carbon species in equilibrium with the solid carbon surface
are denoted by C.. The vaporization reaction is g iven as

i C  —~C. ( A - i )so lid i

For this reaction , the third law gives

- E0(C.) (F° - Hg \ /F
0 

-

‘~ ~~~~ 
= RT - 

RT + ~~ RT
~~~ ) lid 

( A -2 )

where Hg(C~) is the heat of formation of C1 at 0°K, and the heat of formation of
solid carbon has been set cqual to zero by convention.

The f r ee - ene rgy  function and partition function for the gaseous specie s
are related as follows:

(F
o

H g )  = - /n Q (C.) (A-3)

)
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The free-energy function is related to the specific heat by

0 0 T T -

F - Fi298 
= -

~~~~ 

f  C~dT - f  -~~~~~ dT - ~~~~ (A-4)

298 298

Note that the JANNA F’7 thermochemical data uses a base temperature of
0 . 0 0

298 K. The free-energy functions at 0 K and 298 K are related by

F° Hg 
= 

F°
_

T - 

Hg ~~ i298 (A-5)

The f r ee -ene rgy  function referenced to 298°K and the difference in I -

enthalpies between 0°K and 298°K are both tabulated in JANNAF.

For solid carbon, the JANNA F data yields

F° - Hg 
= 

F° - H ~~98 + (A-6)

The curve fits for specific heat in the ACE code were used to evaluate

the free-energy function for solid carbon by using Eq. (A-4). The final

result is

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (A-7)

T � 3000 0K:

A = 5. 86 1

B 0 . 954 x 10~~
C -0 . 7666 x 106

D = 4323 . 3

E 35 . 235
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T ~ 3000°K:

A = 4.85
B = 0.2916 x 10~~ 

-

C = 0. 3072 x 1O 7

D = 893 . 7
E = 27.516

where all tempe rature s are in °K, and the units of the f ree-ene rgy functions
are cal/mol-°K.

The use of Eqs. (A-6) and (A-7) in Eq. (A-2) provides all the necessary
information about the solid phase.

The partition functions we re used to obtain the free-ene rgy functions for
the gaseous carbon species (with the exception of C3). The C3 free energy
function was obtained from the curve fit by Pearson ’3.

The enthalpy of solid carbr’ri is required in the surface energy balance
and is given by

H 0 (S) ~
- AT + ~ BT 2 

- + 252 - D cal/mol (A-8)

where (S) denote s solid properties .

B . VAPORIZATION FROM LIQUID CARBON

For vaporization from a liquid carbon surface , the third law yields
/~~ ,~,\ j~,0 ~ 00 /F” - H ’~~\ lE ‘

~T/n 
~~~ 

= RT RT IC. 
+ 1I

\ 
RT liquid

L~H
0 

~ Hg(C~) - i HL(L) (A -9)

where (L) denotes liquid propertie s , and T denotes a quantity evaluated at
the melt temperature.

77 

~~
-- - - - -



The liquid carbon free ene rgy function is give n by

/F° - H ° \  T T

T 

T) 

uid 
= 

~~~~ 

C~~(L)dT - j  
C (L) 

dT -

q T T (A-b )m m

The entropy and enthalpy of the liquid, at the melt temperature , are related to
the corresponding solid value s through the heat of fusion.

H
~~m

(L) = ilL(S) +

LIH°
S~, (L) = S~, (S) + T 

F ( A - l i )
m m m

The enthalpy and entropy of the solid , at the melt temperature, are
obtained from the JANNA F data .

The additiona l data required to eva luate these expressions is the melt
temperature, the specifi c heat of liquid carbon , and the heat of fusion at the
melt temperature.  The fo llowing values we re obtained from White2 1

= 25 Kcal/mol

C (L) 7 . 44 cal/mol- °K (A-12)

For a constant value of the liquid carbon specific heat , the f ree-energy
function of Eq. ( A -b ) becomes

0 0
(F__

- HT m) 
= C~ ( L) [1 - + 

~~ 
- 4 (L) (A - 13)

/ liquid m
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rhe lower-bound melt temperature of 3800°K , obtained by Whittake r 19 ,
was used in most of the calculations. The JANNA F va lue s for solid carbon , at
this temperature , are given as

T = 3800 °Km

H2f m
(S) = 19559 cal/rnol

S2i~m
(S) 13. 575 cal/mol-°K (A-14)

The enthalpy of the liquid carbon surface is required to solve the sur-
face energy balance and is given as

H°(L) = HL(S) + ~~~~ + J C~ (L) dT (A-iS)

All  the calculations of this report used a constant value of C (L) , for which
the integral  of Eq. (A-1 5)  is easily eva luated .

Finally, it is instruct ive to examine the ratio of liquid to solid vapor
pressures for temperatures greater  than the melt  temperature.  The third
law relat ionshi ps of Eqs. ( A - i )  and (A-9)  are combined to yield

Pc (L) 0 o
~ PC (S) i[F R~~

) 
- 

F (S) } (A-1 6 )

L 

Substitution of the f r e e - e n e r g y  functions into this expression yields

Pc (L) T

‘~ 
~~~~~~ 

= 

~ 
- 

~ 
4H~, +4 f  [c (L) - C (S)} dT

T ~ dT (A -17)
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It is apparent that the second integra l is larger in magnitude than the
firs t  integral provided that the liquid specifi c heat exceeds the solid specific
heat . This is clearly the case for the value of Eq. ( A- 1 2 )  (as compared with
the tabulated JANNA F va lues). Thus , for T > T it is obvious that the rig ht-
hand side of Eq. (A-17) is negative . Therefore , the vapor pressure  of carbon
species C1, in equilibrium with a liquid carbon surface , is less than the vapor
pressure of the same specie s in equilibrium with a solid carbon surface at a
temperature  greate r than the melt temperature.  That is

Pc (L) � (A 18)
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APPE NDIX B

SELECTION OF CHEMICAL SPECIE S

At the suggestion of the review committee, additional dis cussion and

justification for the choice of included species is provided in this appendix .

The choice of allowable species was constrained by accuracy and com-
putational considerations . Thus , all  of the dominant species identified b y
previous invest igators  were automatical ly included . Only two minor s pe cie s

we re included (atomic oxygen and ni trogen) because they are  potentially
important with respect to the heterogeneous  oxidation and n i t r id iza t ion  reac-
tions, and their inclusion does not impact the solution procedure .

The inc lusion of ni t rogen-oxygen species into the fo rmula t ion  intro-
duc es addit ional itera ti on loops int o th e solut ion p rocedure , is computationally
expensive , and is not war ran ted  in te rms of accuracy.  At hi g h temperatures ,
the nitrogen must compete with the carbon for the available oxygen , and since
ox ygen react s far more readi ly with carbon , there  is ve ry litt le ex cess oxygen
ava i lable for  the format ion of n it rogen-oxygen compounds . A t low tempe ra-
tures , where excess oxygen is available , the re levant  equi l ibr ium constants
are  so smal l  that n i t rogen-oxygen  compounds exist  only as t race  species .
These intuitive considera t ions were ch ecked by running some exact equilibrium
cases with the ACE 24 code ove r the range of p r e s su re s  and t e m p e r a t u r e s of
in t e res t . The resul t s ver i fy  that the n i t rogen-oxygen  compound s ai  .nsi gni-
f icant . Thus , none of these species are  included in the fo rmula t ion.

The ACE resu l ts  also indic~. -
~ that the only si gnif icant  ca rbon-oxygen

spe cies are CO and CO2 and th ese are th e only such spe c ies inc luded.

24 Powars , C. A. and R. M. Kendall, “ User ’ s M a n u al -- A e r o t h e rr n  Chemical
Equi l ibr ium (ACE)  Computer Program , ” Aerotherm Corporation ,
May 1969.
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The only carbon sublimation species inc luded were those for which
reliable spectroscopic data exists (i. e., C1-C 5). Although some investi-
gations have inc luded carbon species up to C3 1, their propert ies  were -

obtained from theoretical models utilizing assumption of unknown accuracy.
Although the inc lusion of the higher order  carbon species does not impose
any additiona l computational diff icul ty,  it was fe lt that the uncertainty asso-
ciated w;th their thermochemical propertie s data justified their deletion .
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NOMENC LATURE

B’ mass t r ans fe r paramete r [defined in Eq. (3)]

HB enthalpy of solid carbon eva luated at some specified bulk
temperature

HL
(T) enthalpy of liquid carbon at temperature, T

H R recove ry entha lpy

H8 enthalpy of carbon surface phase (either liquid or so lid)

H
~~ 

enthal py of gas mixture adjacent to sur face

pressure equilibrium constant

K. mass fract ion of specie s i

K. mass fraction of element i

M molecu lar weight of g as mix tu re

M1 mo lecula r weig ht o f iner t species

‘ M. molecula r weig ht o f specie s i

M . molecula r weig ht of carbon subl imation species C1

tota l  carbon mass loss

mass  loss due to heterogeneous  reaction of carbon with species i

P surface pressure

par t ial p r e s s ure  of species i

equi l ibr ium vapor p ressu re  of ca rbon sublimation species C
~

cold wal l , no nblowing heat flux

R un ive r sa l  gas constant

S surface  recession rate

T temperature

time 
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N O M E N C L A T U R E  (Continued)

vaporization coefficients for ca rbon sub limation species

6 carbon melt layer thickness

Pei1eCH cold wall , blowing heat flux parameter =

Pe~ eCH cold wall, nonblowing heat f lux parameter =
0

0 thermal diffusivity

Subscripts

e boundary laye r ed ge va lue s

L liquid carbon

w wall (surface)  value s

Superscri pts

* denotes a heterogeneous carbon-ni trogen reaction

denotes an element
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